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(57) Abstract 

A process for oxidising cellulose, in which a nitroxyl compound such as TEMPO is oxidised using an oxidising agent in the presence 
of a complex of a transition metal such as Mn, Fe, Cu, and a complexing agent such as a polyamine, or an oxidative enzyme, and the 
resulting nitrosonium ion is used to selectively oxidise the cellulose 6-hydroxy-methylene groups to carbaldchyde groups and carboxylic 
acid groups. 
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Pr cess for selective xidation of cellulose 

[0001] The invention relates to the oxidation of cellulose and cellulose derivatives 
using nitrosonium ions (oxoammonium ions) obtained by oxidation of nitroxyl radicals, 
especially 2,2,6,6-tetramethylpiperidin-l-oxyl (TEMPO). 

[0002] A process in which TEMPO is reoxidised by chemical means is known from a 
review by De Nooy in Synthesis 1 996, 1 1 53-1 1 74 and from WO 95/07303. 
[0003] The oxidation of cellulose to 6-aldehydo-cellulose by photolysis of 6-azido-6- 
deoxy-celluloses was reported by Horton et al. Carbohydrate Research* 26 (1973) 1-19. 
[0004] It was found according to the invention that oxidation of cellulose, especially 
cellulose fibres, using nitrosonium ions, can be earned out without usmg chlonne-based 5 
c^l^^^^^ps and with the use of hydrogen peroxide or oxygen as the ultimate 
oxidising agent. The oxidation according to the invention is performed using enzymes 
capable of oxidation or transition complexes of a transition metal and a complexing 
agent as intermediate oxidants. This oxidation results in the formation of cellulose 6- 
aldehydes. The aldehydes may be present in the (hemi)acetal form and related structures. 
The process of the invention is further defined by the characterising features of the 
appending claims. 

[0005] In the following description, reference is made to TEMPO only for the sake of 

r . ^ a 1 



simplicity, but it should be understood that o^^^^^^^^^^yl 




nitroxyls are especially suitable for selectively oxidising primary alcohols to aldehyde 
functions, in particular in the presence of secondary alcohol functions that should not be 
oxidised. Less sterically hindered nitroxyls, such as 4,4-dimethyloxazolidine-N-oxyl 
(DOXYL), are suitable for preferentially oxidising secondary alcohols to keto functions, 
for example in the production of keto cellulose or keto starch. The active oxidising 
species is the nitrosonium ion (oxoammonium ion >N + =0), that is produced in situ by 
oxidation of the corresponding hydroxy lamine and nitroxyl radical. If desired, the 
reaction can be performed in two steps, the production of the nitrosonium ion being the 
first and the oxidation of the alcohol function being the second. 

[0006] A catalytic amount of nitroxyl is preferably 0.1-25 % by weight, based on the 
primary alcohol functions of the cellulose, or 0. 1 -25 mol% with respect to the primary 
alcohol. The nitroxyl may also be immobilised, e.g. by coupling of the hydroxyl group 
of 4-hydroxy-TEMPO to a suitable carrier, or in the form of a polymeric nitroxyl such 
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as: 

-[(CH3)2C-NO.-C(CH3)2-A-] n -, wherein A may be an alkylene group and/or a 

heteroatom, and n is a number form e.g. 10 up to several hundreds. 

[0007] The process of the invention results in oxidation of cellulosic anhydroglucose 

units to the corresponding aldehydes. Ifli^^S^S^S 

oxidi^l^ 

under, more^gqrous,cqnditipns wv such as an increased ? tempeFB&ure2e T £^^ 

%^iiiLf8g^I^ Alternatively, the 

aldehyde/carboxylic acid ratio can be increased by using relative low pH's (e.g. pH 3-7), 
by controlled addition of oxidising agent, by lowering the oxygen concentration, or by 
first preparing the nitrosonium ion solution (two-step process). 

[0008] A distinct group of compounds suitable for oxidation with the present process 
consists of hydroxyalkylated cellulose such as hydroxypropyl cellulose, hydroxyethyl 
cellulose. 

[0009] The oxidation of the primary alcohol functions (6-CH 2 OH) results in the 
corresponding aldehydes and&if ^ intact ring systems. 

These products are useful intermediates for functional cellulose derivatives wherein the 
aldehyde groups are further reacted with e.g. amine compounds and the like. They are 
also useful intermediates for crosslinked cellulose derivatives, in which the aldehyde 
groups are further reacted with e.g. diamine reagents. 

[0010] The catalysts to be used according to the invention are complexes of transition 
metals, i.e. coordination compounds between a transition metal and an organic molecule 
as a complexing agent having one or more free electron pairs, especially nitrogen 
compounds. Suitable nitrogen compounds include amino acids, phenanthrolines and 
other polyamines. A polyamine, which forms a complex with the transition metal, is 
understood to refer to compounds which comprise at least two amine nitrogen atoms, 
separated by at least two carbon atoms. Preferably, the polyamines comprise at least 
three nitrogen atoms which in each case are separated by two or more, in particular two 
or three, more in particular two, carbon atoms. The remaining valencies of the nitrogen 
atoms are preferably bound with small alkyl groups, in particular methyl. It is also 
possible for the polyamines to have ether or alcohol functions. The polyamines can be 
linear or cyclic. The polyamines should be alkaline, i.e. should not contain acid 
functions. Examples of polyamines which can be employed are 2,2'-bipyridyI, 2,2*- 
bipyrrole, 2-(dimethylaminomethyl)pyridine, tetramethylethylenediamine, pentamethyl- 
diethylenetriamine, 1,4-dimethylpiperazine, l,4,7-trimethyl-l,4,7-triazonane (= triaza- 
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cyclononane), 1 ,4,7-trimethyl- 1 ,4J-triazecane 7 1 ,4,7, 1 0-tetramethyl- 1 ,4,7, 1 0-tetraaza- 
cyclododecane, 1 ,2-bis(4-methyl- 1 -piperazinyl)ethane, 1 ,2-bis(4,7-dimethyl- 1 ,4,7-tri- 
azonan-l-yl)ethane, and the corresponding compounds wherein one or more of the said 
methyl groups have been replaced by, for example, ethyl groups. It is also possible to 
use porphin and other porphyrins and corresponding macrocyclic polyamine com- 
pounds. Histidine and comparable amino acids having an additional nitrogen atom, and 
their oligopeptides such as histidyl-histidine, are other examples of suitable complexing 
agents. Preference is given to compounds of the bipyridyl type, triazonane type and to 
amines whose remaining valencies are linked to methyl groups. The counterions 
required for neutrality of the complexes may be common, preferably non-toxic counter- 
ions such as oxide, halide, perchlorate, acetylacetonate, nitrate, sulphate and the like. 
[0011] Transition metals to be used in the metal complexes include especially those of 
the fourth period of the periodic table of elements from vanadium to zinc, preferably 
manganese, iron, cobalt, nickel and copper, in particular manganese, iron, cobalt and 
copper. The corresponding metals from the higher periods may also be used, although 
less preferentially. The metal complexes require hydrogen peroxide, alkyl and ar(alk)yl 
hydroperoxides (such as tert-butyl hydroperoxide), oxygen or chlorite as an ultimate 
electron acceptor. About one metal atom to two to four nitrogen atoms of the 
compelling agent can suitably be used. 

[0012] The metal complex may be used in a catalytic amount, e.g. in about an 
equimolar amount with respect to the nitroxyl compound. Suitable amounts of metal 
complexes are for example 1-25 mol% with respect to the alcohol to be oxidised. 
[0013] The catalysts to be used according to the invention can also be oxidoreductases 
or other enzymes that are capable of oxidation in the presence of a suitable redox 
system. Oxidoreductases, i.e. enzymes capable of oxidation without the presence of 
further redox systems, to be used in the process of the invention include peroxidases and 
oxidases, in particular polyphenol oxidases and laccase. 

[0014] Peroxidases (EC 1.11.1.1 - 1.11.1.11) that can be used according to the 
invention include the peroxidases which are cofactor-independent, in particular the 
classical peroxidases (EC 1.11.1.7). Peroxidases can be derived from any source, 
including plants, bacteria, filamentous and other fungi and yeasts. Examples are horse- 
radish peroxidase, soy-hull peroxidase, myeloperoxidase, lactoperoxidase, Arthromyces- 
and Coprinus peroxidases. Several peroxidases are commercially available. The p r- 
oxidases require hydrogen peroxide as an electron acceptor. 

[0015] Polyphenol oxidases (EC 1.10.3.1) include tyrosinases and catechol oxidases, 
such as lignine peroxidase. Suitable polyphenol oxidases may be obtained from fungi, 
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plants or animals. The polyphenol oxidases require oxygen as an electron acceptor. 
Laccases (EC LI 03 .2) are sometimes grouped under the polyphenol oxidases, but they 
can also be classified as a distinct group, sometimes referred to as p-diphenol oxidases. 
Laccases can be derived from plant sources or from microbial, especially fungal, 
sources, e.g. of the species Trametes versicolor. The laccases also require oxygen as an 
electron acceptor. 

[OOlfi] The process of the invention can be performed under relatively mild conditions, 
e.g. at a pH between 5 and 10, and at a temperature between 15 and 60°C (both 
depending on the particular metal complex or enzyme). The reaction medium can be an 
aqueous medium, or a homogeneous mixed medium, e.g. of a mixture of water and a 
secondary or tertiary alcohol or an ether/water mixture, or a heterogeneous medium, e.g. 
a mixture of water and a water-immiscible organic solvent such as a hydrophobic ether, 
a hydrocarbon or a halogenated hydrocarbon. In the latter case, the metal complex or 
enzyme and/or the nitroxyl and the oxidising agent may be present in the aqueous phase 
and the alcohol substrate and the aldehyde or ketone product may be present in the 
organic phase. If necessary, a phase transfer catalyst may be used. The reaction medium 
can also be a solid/liquid mixture, in particular when the nitroxyl is immobilised on a 
solid carrier. A heterogeneous reaction medium may be advantageous when the 
substrate or the product is relatively sensitive or when separation of the product from the 
other reagents may present difficulties. 

[0017] The invention also pertains to novel cellulose oxidation products and 
derivatives thereof, which can be obtained with the process of the invention. These 
include cellulose in which at least 1 hydroxymethyl per 100, especially per 50 or even 
per 25, monosaccharide units has been converted to a carbaldehyde group, whether or 
not in hemiacetal or similar form, with the proviso that on average each molecule 
contains at least 1 carbaldehyde group other than a possible (hemiacetalised) aldehyde 
group at the reducing end of an oligo- or polysaccharide, in addition to at least 1 
hydroxymethyl group per 100 being oxidised to a carboxyl group. The products 
obtainable according to the invention may contain, in addition to the aldehyde groups, 
other functional groups, especially carboxyl groups obtained by further oxidation or by 
carboxyalkylation. 

100181 The novel derivatives of the invention are very suitable as wet strength 
additives, water-absorbing polymers and the like, and especially as starting materials for 
further fiinctionalisation, especially with alcohols, amines, and other agents capable of 
coupling with an aldehyde function. Such agents include crosslinking agents (diamines, 
diols and the like), which can be used to crosslink the cellulose derivatives or to couple 
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them to amino acids, proteins, active groups etc. 

[0019] The invention also pertains to derivatives obtained by coupling of the aldehyde 
cellulose derivatives described above with e.g. amines, especially by reductive 
amination, to produce imino or amino derivatives of cellulose as defined in the 
5 appending claims. Also, the aldehyde cellulose derivatives can be reacted acetalised 
with hydroxy-functionalised compounds, e.g. glycolic acid, for further derivatisation. 
[0020] The oxidation of cellulose and its derivatives according to the invention results 
in the presence of both aldehyde groups and carboxyl groups in the product The process 
is especially useful for oxidising cellulose fibres, as the resulting oxidised fibres have 
10 improved wet strength properties for paper and tissue applications. The process is also 
useful for oxidising cellulose to produce a water-absorbing cellulosic material, if desired 
after further oxidation or carboxymethylation or other derivatisation of the product 

Examples: General 

15 [0021] Uronic acid (6-COOH of hexopyranose units) contents were determined using 
the Blumenkxantz et al. method {Anal. Biochem. 54, (1973) 484). The method was 
adapted as follows. 5 ml of sample is suspended in water. 20 ml of a solution of boric 
acid (0.0125 M) in concentrated (95 — 97%) sulphuric acid is added. The final volume 
(V) is made up to 25 ml. 0.2 ml of this solution is added to 0.2 ml of pure water and 

20 then 1 .0 ml of the sulphuric acid boric acid reagent is added. This solution is heated at 
100°C during 5 minutes. After cooling in ice 20 \A of an aqueous solution of 3-hydroxy- 
biphenyl (0.2% w/w) is added, upon which a pink colour develops. After 15 minutes 
incubation the extinction is measured at 520 nm. The calibration curve is based on D- 
glucuronic acid as a reference material. 

25 [0022] Aldehyde contents were determined either by a subtractive method (determing 
the uronic acid content before and after of oxidation of aldehydes with chlorite and 
hydrogen peroxide), or by addition of hydroxylamine hydrochloride to produce an 
oxime and back-titration of liberated hydrochloric acid, or by 13 C NMR spectroscopy 
(intensity of C6 signal of aldehyde with respect to CI of anhydroglucose unit, or 

30 intensity of C6 (C=N) in the oxime). 

Example 1: Production of 6-aldehyde cellulose 

[0023] One gram of totally chlorine-firee bleached and sheet-dried kraft pulp (Grapho 
Celeste), dry weight oven dried) was suspended in 100 mi of water. To this suspension 
35 were added 18 mg of TEMPO (0.1 mmol) and 9 mg of peroxidase (HRPO), type VI 
(290 units/mg). The pH was adjusted to 5.1 with aqueous acetic acid (0.1 M). A 
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hydrogen peroxide solution (1 .5 ml 30% in 50 ml) was added stepwise (30-50 ^1 every 2 
minutes) for 8 hours. After peroxide addition the pH decreased, but it returned to its 
original value (5.5) after a few minutes; therefore, no pH adjustment was necessary 
during the reaction. After 21 h a sample was analysed by addition of hydroxyl- 
ammonium chloride and titrated with aqueous sodium hdyroxide (0. 1 M). According to 
this analysis, the sample contained 160 micromol C6-aldehyde per g cellulose. 

Example 2: Oxidation of cellulose with laccase 

[0024] To 2 g of cellulose fibres, activated by treatment with sodium hydroxide 
solution and water, 17 mg recombinant Trametes versicolor laccase (Wacker Chemie) 
was added. The solution (pH between 6.0 and 5.1) was exposed to oxygen in a closed 
system so that the consumption of oxygen could be measured by a gas burette as a 
function of time. The consumption of oxygen after one day reaction was 20 ml (0.8 
mmol). As a second step 0.2 ml hydrogen peroxide (30% w/w) and 250 mg sodium 
chlorite (Aldrich, 80 %) were added to the reaction mixture. After standing for one day 
at pH 4-4.5, an almost homogeneous mixture was obtained, from which samples were 
withdrawn. The uronic acid content of the whole reaction mixture was determined. 
According to the adapted Blumenkrantz method the content was 0.7 mmol, which gives 
350 mmol/g. 

Example 3: Oxidation of cellulose fibres 

[0025] To 2 gram cellulose fibers (the same as in Example 1) suspended in 25 ml 
water, 28 mg of horse radish peroxidase (HRP, Sigma), 20 mg TEMPO were added. The 
pH of the mixture was brought to 5.3 and then 1 mmol of hydrogen peroxide solution (5 
ml 0.6%, w/w) was added in 100 \i\ portions in the course of 3 hours. Despite the 
realtively quick addition, gas (oxygen) evolution was hardly visible. According to the 
Blumenkrantz method the yield of uronic acid was 9%. This example illustrates the 
influence of rate of hydrogen peroxide addition which was fast compared to example 1, 
resulting in relatively high levels of carboxylic acid 

Exam pile 4: Oxidation of cellulose fibres with oxygen catalysed by copper / bipyridine. 
[0026] 1 gram cellulose fibres (CTMP) were suspended in 50 ml water. Then 10 ml of 
a 5% (w/w) TEMPO solution, 0.4 ml of a solution of copper nitrate (0.4M) and 10 ml of 
a bipyridine solution (0.05M) were added. Through the stirred solution oxygen gas was 
bubbled. After one day the fibres were collected by filtration, washed repeatedly with 
water and dried in vacuum. The uronic acid content (adapted Blumenkrantz) of the dried 
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fibres was 9 %. 

Example 5: Production of 6-aldehyde-6-carboxy cellulose 

T0027] Production of 6-aldehyde-6-carboxy cellulose. One gram of totally chlorine-free 
bleached and sheet-dried kraft pulp (Grapho Celeste), dry weight oven-dri^d) was 
suspended in 20 ml of water. To this suspension were added 20 mg of TEMPO (0.1 
mmol) and 19 mg of peroxidase (HRPO), type VI (290 units/mg). The pH was adjusted 
to 5.5 with aqueous acetic acid (0.1 M). A hydrogen peroxide solution (1.2 ml 3%) was 
added stepwise (50 ml every 10 minutes) for 6 hours. After 21 h a sample was analysed 
by addition of hydroxylammonium chloride and titrated with aqueous sodium hydroxide 
(0.05 M). According to this analysis, the sample contained 300 micromol C6-aIdehyde 
per g cellulose. In addition it was found that the sample contains uronic acid (100 
micromol per g). 
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CDaims 

1 . A process for oxidising cellulose using nitrosonium ions obtained by oxidising 
a nitroxyl compound with an oxidising agent, characterised in that the nitroxyl 
compound is oxidised in the presence of an oxidative enzyme or a complex of a 
transition metal and a complexing agent. 

2. A process according to Claim 1 , wherein a the nitroxyl compound is a di-tert- 
nitroxyl compound, especially 2,2,6,6-tetramethylpiperidin-l-oxyl (TEMPO). 

3. A process according to Claim 1 or 2, wherein the transition metal is manganese, 
iron, cobalt, nickel, copper or vanadium. 

4. A process according to any one of Claims 1-3, wherein the complexing agent is 
a nitrogen-containing compound. 

5. A process according to Claim 4, wherein the complexing agent is a bipyridyl or 
a triazonane or a (poly)histidine. 

6. A process according to Claim 1, wherein the oxidative enzyme is a peroxidase, 
a polyphenol oxidase or a laccase. 

7. A process according to any one of Claims 1-6, wherein a cellulose derivative 
containing at least 1 cyclic monosaccharide chain group carrying a carbaldehyde 
group per 25 monosaccharide units and per average molecule is produced. 

8. An oxidised cellulose, containing at least 1 cyclic monosaccharide chain group 
carrying a 6-carbaldehyde group and at least 1 cyclic monosaccharide chain group 
carrying a 6-carboxylic group per 100 monosaccharide units and per average 
molecule, or a chemical derivative thereof. 

9. A cellulose derivative, in which derivative at least a part of the 6-carbaldehyde 
groups introduced by oxidation has been converted to a group with the formula 
-CH=N-R or -CH2-NHR, wherein R is hydrogen, hydroxyl, amino, or a group R l , 
OR 1 or NHR 1 , in which R 1 is C1-C20 alkyl, C1-C20 acyl, a carbohydrate residue, or a 
group coupled with or capable of coupling with a carbohydrate residue. 
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A cellulose derivative, in which derivative at least a part of the 6-carbaldehyde 
groups introduced by oxidation has been converted to a group with the formula 
-CH(OR 3 )-0-CH 2 -COOR 2 or -CH(-0-CH2-COOR 2 ) 2 , in which R 2 is hydrogen, a 
metal cation or an optionally substituted ammonium group, and R 3 is hydrogen or a 
direct bond to the oxygen atom of a dehydrogenated hydroxyl group of the cellulose. 
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